, which is characterised by rapid growth, cellular heterogeneity, angiogenesis, extensive invasion, hypoxia and necrosis, is the most common histological subtype of glioma in adults. MicroRNA (miRNA) dysregulation is a common feature of human cancers, including GBM. Previous studies have suggested that miRNAs are a novel class of regulatory molecules in various human cancers. Therefore, miRNAs may be investigated as a novel candidate and screening tool in the clinical diagnosis, therapy and prognosis of GBM. Recent accumulating evidence has demonstrated that miRNA-485 (miR-485) is involved in the development and progression of several types of human cancers. However, the expression level, exact role and underlying mechanisms of miR-485 in GBM remain unclear. In this study, miR-485 was downregulated in both GBM tissue specimens and cell lines. miR-485 overexpression inhibited GBM cell proliferation, colony formation, migration and invasion; increased apoptosis in vitro; and reduced tumour growth in vivo. In addition, p21-activated kinase 4 (PAK4) was demonstrated to be a direct and functional target of miR-485 in GBM. Furthermore, PAK4 was upregulated in GBM tissues and negatively correlated with miR-485 expression. Moreover, PAK4 knockdown exhibited a similar effect to miR-485 overexpression in GBM cells. Enforced expression of PAK4 rescued miR-485 tumour-suppressor functions in GBM cells. miR-485 inhibited the activation of the AKT and ERK signalling pathways in GBM. These results indicate that miR-485 acts as a tumour suppressor in GBM by, at least partially, directly targeting PAK4 and regulating the AKT and ERK signalling pathways. Thus, miR-485 may be a potential target for the treatment of patients with GBM.
Introduction
Glioma, the most common and malignant brain tumour in human, originates from neural stromal cells and accounts for 80% of all malignant brain tumours in adults (1, 2) . Glioma can be divided into two groups according to the 2007 World Health Organisation classification: low grade (grades I and II) and high grade (grades III and IV) (2) . Glioblastoma (GBM), regarded as grade IV glioma, is the most common histological subtype of glioma in adults (3) . Rapid growth, cellular heterogeneity, angiogenesis, extensive invasion, hypoxia and necrosis are the histopathological hallmarks of GBM (4, 5) . Currently, surgical resection is the primary treatment method for GBM, whereas radiotherapy and chemotherapy are common adjuvant therapeutic approaches (6, 7) . Despite recent advances in multimodal therapies, the prognosis of GBM patients remains extremely poor, with an average 5-year survival rate of only 4-5% (8, 9) . Therefore, the elucidation of the molecular mechanisms of GBM and identification of novel and effective therapeutic strategies for patients with this disease are urgently needed.
MicroRNAs (miRNAs) are a family of small doublestranded, non-protein coding and short RNA molecules with lengths of ~21-25 nucleotides (10) . miRNAs regulate gene expression levels by imperfectly pairing with complementary sites within the 3'-untranslated regions (3'-UTRs) of their target messenger RNAs (mRNAs), resulting in either degradation or translational repression of the target mRNAs (11, 12) . A miRNA may regulate numerous target genes, and one gene may be regulated by multiple miRNAs. Therefore, >60% of all human genes have been predicted to be regulated by miRNAs (13) . Increasing studies have shown that miRNAs are involved in regulating various biological processes, including development, cell proliferation, differentiation, apoptosis, metabolism and signal transduction (14) (15) (16) . Multiple bodies of evidence have indicated that miRNAs are abnormally expressed in almost all types of human cancer (17) (18) (19) . Current studies have acknowledged that more than half of miRNAs are located in cancer-related genomic regions; this finding suggests that dysregulation of miRNAs plays important roles in carcinogenesis and cancer progression (20) . Aberrantly overexpressed miRNAs can act as oncogenes through downregulation of tumour suppressor genes, whereas downregulated miRNAs can function as tumour suppressors through negative regulation of oncogenes (21) . Hence, miRNAs may serve as novel therapeutic targets for anticancer treatments.
Recent accumulating evidence has demonstrated that miR-485 (also known as miR-485-5p; www.mirbase.org/cgi-bin/ mirna_entry.pl?acc=MI0002469) is involved in the development and progression of several types of human cancers (22) (23) (24) . However, the expression level, exact role and underlying mechanisms of miR-485 in GBM remain unclear. The present study detected miR-485 in GBM, investigated the exact roles of miR-485 in GBM progression and elucidated the underlying molecular mechanism.
Material and methods
Clinical specimens. A total of 27 human GBM tissues were obtained from patients who were treated with surgical resection in Department of Neurosurgery, West China Hospital of Sichuan University between August, 2014 and February, 2016. Twelve normal brain tissues were obtained from patients with traumatic brain injury and who received partial resections of normal brain tissue to reduce increased intracranial pressure. Lineal relative of brain trauma patients agreed the use of patients normal brain tissues in this study. All tissue samples were immediately snap-frozen in liquid nitrogen and stored at -80˚C until further use. This study was approved by the Ethics Committee of West China Hospital of Sichuan University. Written informed consent was obtained from all patients.
Cell lines. GBM cell lines (U251, U87, LN229 and A172) and HEK293T cell line were purchased from American Type Culture Collection (Manassas, VA, USA). The cells were kept in Dulbecco's modified Eagle's medium (DMEM; Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS; Invitrogen, Carlsbad, CA, USA), 100 U/ml penicillin and 100 mg/ml streptomycin (Invitrogen). Normal human astrocytes (NHAs) were acquired from ScienCell Research Laboratories (Carlsbad, CA, USA) and cultured in astrocyte medium (ScienCell Research Laboratories). All cells were grown at 37˚C in a humidified chamber containing 5% CO 2 .
Oligonucleotides, plasmid and transfection. miR-485 mimics and miRNA mimics negative control (miR-NC) were obtained from Shanghai GenePharma (Shanghai, China). Small interfering RNA targeting p21-activated kinase 4 (si-PAK4) and its negative control (si-NC) were purchased from Ribobio (Guangzhou, China). PAK4-overexpressing plasmid (pcDNA3.1-PAK4) and blank plasmid (pcDNA3.1) were purchased from the Chinese Academy of Sciences (Changchun, China). All oligonucleotides and plasmids were transfected into cells using Lipofectamine 2000 (Invitrogen) in accordance with the manufacturer's instructions. Six hours after transfection, the culture medium was replaced with fresh DMEM containing 10% FBS.
RNA isolation and reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Total RNA was isolated from tissue specimens or cells using the TRIzol reagent (Invitrogen) in accordance with the manufacturer's protocol. The concentration and quality of total RNA were determined using a Nanodrop ® ND-1000 spectrophotometer (NanoDrop Technologies; Thermo Fisher Scientific, Inc., Pittsburgh, PA, USA). To quantify miR-485 expression, complementary DNA (cDNA) was synthesised from total RNA using a TaqMan miRNA reverse transcription kit (Applied Biosystems, Carlsbad, CA, USA). Relative miR-485 expression was determined by TaqMan miRNA PCR kit (Applied Biosystems) using an Applied Biosystems 7900HT Fast Real-Time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.). For PAK4 mRNA expression, total RNA was reverse transcribed into cDNA using a PrimeScript RT Reagent kit (Takara Bio, Inc., Otsu, Japan). A SYBR Premix Ex Taq™ kit (Takara Bio, Inc.) was used to detect PAK4 mRNA expression. U6 and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) served as endogenous control for miR-485 and PAK4, respectively. The primers were designed as follows: miR-485, 5'-CCAAGCTT CACCCATTCCTAACAGGAC-3' (forward) and 5'-CGGGAT CCGTAGGTCAGTTACATGCATC-3' (reverse); U6, 5'-GCT TCGGCAGCACATATACTAAAAT-3' (forward) and 5'-CGC TTCACGAATTTGCGTGTCAT-3' (reverse); PAK4, 5'-AGG GAAGGCGGGAGATGAG-3' (forward) and 5'-TCAGTTGC TTGTTCGTGC-3' (reverse); and GAPDH, 5'-GAAGGTGAA GGTCGGAGTC-3' (forward) and 5'-GAAGATGGTGATGG GAT TTC-3' (reverse). The relative expression was analysed by the 2 -ΔΔCq method (25) .
Cell counting kit 8 (CCK8) assay. The proliferative ability of GBM cells was assessed using CCK8 assay. Transfected cells were collected at 24 h post-transfection and seeded into 96-well plates at a density of 3x10 3 cells/well. Cells were incubated at 37˚C in a humidified 5% CO 2 atmosphere for 0, 24, 48 and 72 h. At each time point, CCK8 assay was performed in accordance with the manufacturer's instructions. In brief, 10 µl of CCK8 solution (Dojindo, Tokyo, Japan) was added to each well, and then the cells were incubated at 37˚C for another 2 h. The absorbance at a wavelength of 450 nm was detected with an ELISA reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Each experiment contained five replicates and repeated at least three times.
Colony formation assay. Transfected cells were harvested and mechanically dissociated into a single cell suspension. Subsequently, the cells were seeded into 6-well plates with a density of 1,000 cells/well. The plates were incubated at 37˚C in a humidified atmosphere of 5% CO 2 for 2 weeks. On day 15, the plates were washed with phosphate-buffered saline (PBS), fixed with 10% formalin and then stained with Methyl Violet (Beyotime Institute of Biotechnology, Shanghai, China). The colonies containing at least 50 cells were counted under a microscope (Olympus IX53; Olympus, Tokyo, Japan). All experiments were performed at least three times.
Transwell migration and invasion assay. Transwell migration and invasion assays were performed using an 8 µm-pore polycarbonate membrane Boyden chamber insert in a Transwell apparatus (Costar, Cambridge, MA, USA). For invasion assay, the chamber inserts were pre-coated with 20 µl of Matrigel (1:3 dilution; BD Bioscience, San Jose, CA, USA). For both assays, transfected cells were harvested and mechanically dissociated into a single cell suspension. Subsequently, 5x10 4 cells in FBS-free medium were added into the upper chamber, and a 500 µl culture medium containing 20% FBS was placed as a chemo-attractant in the lower chamber. The chambers were then incubated for 48 h at 37˚C in a 5% CO 2 incubator. Cells on the upper surface were scraped and washed away, whereas cells on the lower surface were fixed with 100% methanol, stained with 0.5% crystal violet and then subjected to microscopic inspection (magnification, x200). The values for migration and invasion abilities were obtained by counting five fields per membrane.
Flow cytometry analysis. Transfected cells were harvested at 48 h post-transfection using trypsinisation, washed in ice-cold PBS and then fixed in 80% ice-cold ethanol in PBS. Cell apoptosis was determined with the Annexin V-FITC apoptosis detection kit (Invitrogen) in accordance with the manufacturer's instructions. In brief, the cells were re-suspended in 300 µl of 1X binding buffer and then stained with 5 µl of FITC-Annexin V and 5 µl of propidium iodide (PI) for 20 min in the dark at room temperature. Cell apoptosis was quantified using a flow cytometry kit (Beckman Coulter Corp., Brea, CA, USA).
Tumour growth assay in nude mice. Eight 4-to 6-week-old BALB/c nude mice were purchased from Changzhou Cavens Laboratory Animal Center (Changzhou, China). In brief, transfected U87 cells (26-28) were harvested and mechanically dissociated into a single cell suspension. A total of 1x10 7 U87 cells (29) (30) (31) in 100 µl culture medium were subcutaneously injected into each nude mouse. The right armpit was injected with U87 cells transfected with miR-485 mimics. As a control, the left armpit was injected with U87 cells transfected with miR-NC. Tumour volumes were measured every 2 days and calculated using the formula 1/2 x tumour length x tumour width. At day 30, the nude mice were sacrificed, and the tumour xenografts were dissected and weighed. Western blot analysis was also performed to detect protein expression levels in tumour xenografts.
Bioinformatic analysis and luciferase reporter assay.
Bioinformatic analysis was performed to predict the putative targets of miR-485 using Pictar (http://www.pictar. mdc-berlin.de/), TargetScan (http://www.targetscan.org/) and miRanda (http://www.microrna.org/). 'Human' was selected as the species, and 'hsa-miR-485' was entered. Putative miRNA: mRNA interaction was based on the total context score. The more negative the total context score, the higher the probability of miRNA: mRNA binding.
Luciferase reporter plasmids, namely, psiCHECK2-PAK4-3'-UTR wild-type (Wt) and psiCHECK2-PAK4-3'-UTR mutant (Mut), were synthesised and confirmed by GenePharma (Shanghai, China). HEK293T cells were seeded into 24-well plates at a density of 50-60% confluence. One day later, the cells were co-transfected with wild or mutant-type plasmid together with miR-485 mimics or miR-NC by using Lipofectamine 2000. After 48 h incubation, the cells were assayed with the Dual-Luciferase reporter assay system (Promega, Madison, WI, USA) in accordance with the manufacturer's instructions. Renilla luciferase was used for normalisation. Each assay was performed in triplicate and repeated three times.
Western blot analysis. The total proteins of tissues or cells were extracted using RIPA lysis buffer (Beyotime Institute of Biotechnology, Haimen, China) supplemented with 0.1 mg/ml phenylmethylsulphonyl fluoride, 1 mM sodium orthovanadate and 1 mg/ml aprotinin. A BCA assay kit (Pierce™; Thermo Fisher Scientific, Inc.) was used to determine protein concentration. Equal amounts of protein were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred onto polyvinylidene difluoride membranes (Millipore, Billerica, MA, USA). After blocking with 5% skimmed milk at room temperature for 2 h, the membranes were incubated overnight at 4˚C with primary antibodies. All primary antibodies were purchased form Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA), including mouse anti-human monoclonal PAK4 (sc-393367; 1:1,000 dilution), mouse anti-human monoclonal p-AKT (sc-271966; 1:1,000 dilution), mouse anti-human monoclonal AKT (sc-81434; 1:1,000 dilution), mouse anti-human monoclonal p-ERK (sc-81492; 1:1,000 dilution), mouse anti-human monoclonal ERK (sc-514302; 1:1,000 dilution) and mouse anti-human monoclonal GAPDH antibody (sc-32233; 1:1,000 dilution). Subsequently, the membranes were washed three times with Tris-buffered saline containing 0.1% Tween-20 and then probed with horseradish peroxidase-conjugated secondary immunoglobulin G goat anti-mouse (sc-2005; 1:5,000 dilution; Santa Cruz Biotechnology, Inc.) at room temperature for 2 h. Finally, the protein bands were visualised using enhanced chemiluminescence reagents (Bio-Rad Laboratories, Inc.) and band densities were analysed using AlphaEase FC software (version 4.0.1; ProteinSimple, San Jose, CA, USA).
Statistical analysis. Data are presented as mean ± SD. Data were analysed using SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA). The difference between groups was compared with Student's t-test or one-way ANOVA plus multiple comparisons. The association between miR-485 and PAK4 mRNA expression was analysed through Spearman's correlation analysis. P<0.05 was used as the cut off for statistically significant differences.
Results

miR-485 is downregulated in GBM tissues and cell lines.
To investigate the potential roles of miR-485 in GBM, RT-qPCR was first performed to detect miR-485 expression in 27 cases of GBM tissues and 12 cases of normal brain tissues. Results showed that the expression levels of miR-485 decreased in GBM tissues in comparison with that in normal brain tissues (P<0.05) ( Fig. 1A) . We further examined miR-485 expression in four GBM cell lines (U251, U87, LN229 and A172) and NHAs. As shown in Fig. 1B , miR-485 was downregulated in all tested GBM cells compared with NHAs (P<0.05). These results suggest that miR-485 is involved in GBM progression.
miR-485 overexpression inhibits cell proliferation and colony formation and increases apoptosis in GBM.
To elucidate the role of miR-485 in GBM progression, miR-485 mimics or miR-NC was transfected into U251 and U87 cells, which have relatively low miR-485 expression among the four tested GBM cell lines. The relative expression of miR-485 after transfection was evaluated using RT-qPCR, and results showed that miR-485 was markedly upregulated in the U251 and U87 cells transfected with miR-485 mimics (P<0.05) ( Fig. 2A ). We next examined the effect of miR-485 overexpression on GBM cell proliferation by using CCK8 assay. As shown in Fig. 2B , upregulation of miR-485 inhibited U251 and U87 cell proliferation at both 48 and 72 h in comparison with that in the cells transfected with miR-NC (P<0.05). Furthermore, the results of the colony formation assay demonstrated that the U251 and U87 cells transfected with miR-485 mimics exhibited significantly fewer and smaller colonies in comparison with those transfected with miR-NC (P<0.05) (Fig. 2C ). Flow cytometry analysis was further conducted to explore the effect of miR-485 on GBM cell apoptosis. In comparison with the miR-NC group, the rates of apoptosis in U251 and U87 cells were significantly increased by miR-485 mimics (P<0.05) (Fig. 2D ). Taken together, these results suggest that miR-485 inhibits GBM cell proliferation and colony formation and induces apoptosis in vitro.
Upregulation of miR-485 decreases GBM cell migration and invasion.
To determine whether the restoration of miR-485 expression affects the migration and invasion of GBM cells, Transwell migration and invasion assays were carried out in the U251 and U87 cells transfected with miR-485 mimics or miR-NC. As shown in Fig. 3A , the migratory ability of the U251 and U87 cells transfected with miR-485 mimics was significantly lower than that of the cells transfected with miR-NC (P<0.05). Similarly, the ectopic expression of miR-485 attenuated the invasion capacities of U251 and U87 cells (P<0.05) (Fig. 3B) . These findings suggest that miR-485 can inhibit GBM cell metastasis in vitro.
PAK4 is a direct target of miR-485 in GBM. The potential targets of miR-485 were predicted through bioinformatic analysis to elucidate the molecular mechanism underlying the tumour-suppressing roles of miR-485 in GBM. Among hundreds of candidates, PAK4 was selected as a potential target of miR-485 ( Fig. 4A ) because PAK4 is upregulated in GBM and contributes to GBM progression (32, 33) . To examine the hypothesis that miR-485 targets the 3'-UTR of PAK4, luciferase reporter assay was performed. The wild-or mutant-type plasmid was transfected into HEK293T cells, together with miR-485 mimics or miR-NC. Fig. 4B shows that miR-485 upregulation reduced the luciferase activities of the Wt 3'-UTR of PAK4 (P<0.05). However, no significant difference was observed in the cells transfected with PAK4 3'-UTR Mut and miR-485 mimics; this result suggests that miR-485 can directly target the 3'-UTR of PAK4. RT-qPCR and western blot analyses were further conducted to explore whether miR-485 regulates endogenous PAK4 expression. Results indicated that enforced expression of miR-485 decreased PAK4 expression in U251 and U87 cells at the mRNA (P<0.05) ( Fig. 4C ) and protein (P<0.05) (Fig. 4D ) levels. These results demonstrate that PAK4 is a direct target of miR-485 in GBM.
PAK4 is inversely associated with the expression of miR-485 in GBM tissues. To further characterise the association between PAK4 and miR-485, we detected PAK4 expression in 27 cases of GBM tissues and 12 cases of normal brain tissues. Results showed that PAK4 mRNA (P<0.05) ( Fig. 5A ) and protein (P<0.05) ( Fig. 5B and C) levels were higher in GBM tissues than in normal brain tissues. We also measured PAK4 protein expression in GBM cell lines (U251, U87, LN229 and A172) and NHAs. As shown in Fig. 5D , PAK4 was highly expressed in the GBM cell lines compared with NHAs (P<0.05). Moreover, Spearman's correlation analysis revealed a significant and negative correlation between miR-485 and PAK4 mRNA expression in GBM tissues (r=-0.7088, P<0.0001) (Fig. 5E ).
Downregulation of PAK4 exhibits a similar effect to miR-485 overexpression in GBM cells.
Having verified that PAK4 is a direct target of miR-485 in GBM, we investigated whether PAK4 underexpression exerts a tumour-suppressing effect similar to miR-485 overexpression in GBM. We transfected si-PAK4 or si-NC into U251 and U87 cells to knock down the endogenous expression of PAK4. After transfection, western blot analysis confirmed that PAK4 was significantly downregulated in the si-PAK4-transfected U251 and U87 cells (P<0.05) (Fig. 6A) . The effects of PAK4 knockdown on cell proliferation, colony formation, apoptosis, migration and invasion were evaluated in U251 and U87 cells using CCK8, colony formation, flow cytometry, Transwell migration and invasion assays, respectively. Results showed that PAK4 downregulation dramatically inhibited the proliferation at both 48 h and 72 h (P<0.05) (Fig. 6B ), colony formation (P<0.05) (Fig. 6C) , migration (P<0.05) (Fig. 6D) , invasion (P<0.05) ( Fig. 6E ) and promoted apoptosis (P<0.05) (Fig. 6F ) of U251 and U87 cells. These results are consistent with the effect of miR-485 overexpression on GBM cells and further suggest that PAK4 is a functional downstream target of miR-485.
PAK4 overexpression reverses miR-485 tumour-suppressing functions in GBM.
We performed a series of rescue experiments to determine whether PAK4 overexpression can rescue the tumour-suppressing roles of miR-485 in GBM. U251 and U87 cells were transfected with miR-485 mimics together with or without pcDNA3.1-PAK4. Western blot analysis indicated that the decreased level of PAK4 induced by miR-485 overexpression was rescued by cotransfection of pcDNA3.1-PAK4 (P<0.05) (Fig. 7A) . Functional experiments revealed that the reintroduction of PAK4 can attenuate the effects of miR-485 on the proliferation (P<0.05) (Fig. 7B ), colony formation (P<0.05) (Fig. 7C) , apoptosis (P<0.05) (Fig. 7D) , migration (P<0.05) ( Fig. 7E ) and invasion (P<0.05) (Fig. 7F ) of U251 and U87 cells. Collectively, these findings suggest that PAK4 acts as a downstream effector of miR-485 in the regulation of malignant phenotypes of GBM in vitro.
miR-485 inhibits the activation of the AKT and ERK signalling pathways in GBM.
Previous studies reported that PAK4 is involved in the regulation of the AKT and ERK signalling pathways (34) (35) (36) . Considering the regulatory effect of miR-485 on PAK4 in GBM, we hypothesised that the restoration of miR-485 expression may inactivate the AKT and ERK signalling pathways. Hence, we detected the expression levels of AKT, p-AKT, ERK and p-ERK in U251 and U87 cells transfected with miR-NC, miR-485 mimics or miR-485 mimics cotransfected with pcDNA3.1-PAK4. As shown in Fig. 8 , miR-485 overexpression reduced p-AKT and p-ERK expression in U251 and U87 cells (P<0.05). However, upregulation of miR-485 did not affect AKT and ERK expression entirely. In addition, the expression levels of p-AKT and p-ERK were recovered in the miR-485 mimic-transfected U251 and U87 cells cotransfected with pcDNA3.1-PAK4. These results suggest that miR-485 inactivates the AKT and ERK signalling pathways by regulating PAK4 in GBM.
miR-485 suppresses GBM cell growth in vivo.
We further explored the effect of miR-485 overexpression on GBM cell growth in vivo. U87 cells transfected with miR-485 mimics or miR-NC were implanted into the left and right flanks of nude mice by subcutaneous injection, respectively. At 30 days, the nude mice were sacrificed. Firstly, RT-qPCR analysis was performed to detect miR-485 expression in tumour xenografts. As shown in Fig. 9A , miR-485 expression was significantly upregulated in miR-485 mimics-transfected tumour xenografts (P<0.05). The tumour volume of the miR-485 mimic groups significantly decreased compared with that of the miR-NC groups at 30 days (P<0.05) ( Fig. 9B and C) . Furthermore, the average tumour weight of the miR-485 mimic groups was significantly lower than that of the miR-NC group (P<0.05) (Fig. 9D) . Western blot analysis also showed that the expression levels of PAK4, and key components, including p-AKT and p-ERK, of the AKT and ERK signalling pathways were significantly reduced in the xenograft tumour tissues with miR-485 overexpression (P<0.05) ( Fig. 9E and F) . These results suggest that miR-485 inhibits GBM tumour growth in vivo by directly targeting PAK4 and indirectly regulating the AKT and ERK signalling pathways. Figure 5 . p21-activated kinase 4 (PAK4) is upregulated in glioblastoma (GBM) tissues and negatively correlated with miR-485 expression. The expression levels of (A) PAK4 mRNA and (B and C) protein in 27 cases of GBM tissues and 12 cases of normal brain tissues were examined using western blot analysis and reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Normal brain tissues, obtained from patients with traumatic brain injury, are not paired normal tissue adjacent to tumor tissue. * P<0.05 compared with normal brain tissues. (D) Western blot analysis was carried out to detect PAK4 protein expression in GBM cell lines and normal human astrocytes (NHAs). * P<0.05 compared with NHAs. (E) Spearman's correlation analysis of the association between miR-485 and PAK4 mRNA in GBM tissues. r=-0.7088, P<0.0001.
Discussion
miRNA dysregulation is a common feature of human cancers, including GBM (37, 38) . Previous studies have demonstrated that miRNAs are a novel class of regulatory molecules in various human cancers (39, 40) . The abnormal expression of miRNAs is closely related to malignant biological behaviour, which include proliferation, invasion, apoptosis, cell cycle and angiogenesis (41) (42) (43) . Therefore, miRNAs may be investigated as a novel candidate and screening tool in the clinical diagnosis, therapy and prognosis of GBM. The present study initially found that miR-485 was significantly downregulated in GBM tissues and cell lines. Upregulation of miR-485 inhibited GBM cell proliferation, migration and invasion; increased apoptosis in vitro; and reduced tumour growth in vivo. In addition, PAK4 was validated as a direct target of miR-485 in GBM. PAK4 was highly expressed in GBM tissues and negatively correlated with miR-485 expression. Furthermore, PAK4 downregulation may mimic the functions of miR-485 in GBM cells. PAK4 overexpression can rescue the tumour-suppressing roles of miR-485 in GBM. Moreover, miR-485 inhibited the activation of the AKT and ERK signalling pathways in GBM. These findings suggest that miR-485 can be potentially developed as an effective therapeutic target for the treatment of patients with GBM. The abnormal expression of miR-485 has been reported in numerous types of cancers. For example, the expression level of miR-485 is decreased in gastric cancer tissues and cell lines. Low miR-485 expression is correlated with tumour size, invasion depth, lymph node metastasis and advanced tumour-node-metastasis (TNM) stage. Gastric cancer patients with low miR-485 expression have a shorter survival time than those with high miR-485 expression (44) . In breast cancer, miR-485 is downregulated in tumour tissues and negatively correlates with the development and metastasis potential of breast cancer (45) . miR-485 is expressed at low level in hepatocellular carcinoma tissues and cell lines. Reduced expression of miR-485 is significantly correlated with tumour size, tumour number, TNM stage and metastasis in patients with hepatocellular carcinoma (46, 47) . The expression level of miR-485 is reduced in four lung adenocarcinoma cell lines and tissues. Decreased miR-485 expression is associated with tumour metastasis in patients with lung adenocarcinoma (22) . Downregulation of miR-485 was also observed in bladder cancer (23) and melanoma (24) . These findings suggest that miR-485 is a therapeutic marker for diagnosis and prognosis.
Previous studies demonstrated that miR-485 plays important roles in tumourigenesis and tumour development. For instance, Liu et al (43) reported that miR-485 inhibits migration, invasion and epithelial-to-mesenchymal transition and increases cisplatin-induced cell death in oral tongue squamous cell carcinoma. Kang et al (48) found that miR-485 upregulation suppresses gastric cancer cell metastasis, sphere formation in vitro and reduces cell growth in vitro and in vivo. Lou et al (45, 49) demonstrated that ectopic expression of miR-485 attenuates the mitochondrial respiration, proliferation and motility of breast cancer cells. Sun et al (46, 47) revealed that enforced expression of miR-485 represses the proliferation and metastasis of hepatocellular carcinoma cells in vitro and decreases tumour growth in vivo. Mou and Lou (22) indicated that the restoration of miR-485 expression inhibits cell metastasis and epithelial-to-mesenchymal transition of lung adenocarcinoma. These findings suggest that miR-485 can be investigated as a potential target for the therapeutic treatment of specific types of cancer.
Several targets of miR-485 have been validated, such as PAK1 (43) in oral tongue squamous cell carcinoma, Flot1 (48) in gastric cancer, PGC-1α (45) in breast cancer, stanniocalcin 2 (47) and EMMPRIN (46) in hepatocellular carcinoma, Flot2 (22) in lung adenocarcinoma, HMGA2 (23) in bladder cancer and Frizzled7 (24) in melanoma. In the current study, PAK4 was identified as a direct and functional downstream target of miR-485 in GBM. PAKs, a family of serine/threonine protein kinases, are best characterised as downstream effectors of Rac and Cdc42 (50) . PAK4 is a member of the PAK family and is overexpressed and/or hyperactivated in multiple types of human cancer, including cervical cancer (51), ovarian cancer (52), anal cancer (53), colorectal cancer (54), breast cancer (55), renal cell carcinoma (56) and head and neck squamous cell carcinoma (57) . PAK4 is reportedly correlated with tumourigenesis and tumour development by regulating cell proliferation, apoptosis, migration, invasion, actin cytoskeletal changes and cytoskeletal organisation (58) (59) (60) .
In glioma, PAK4 is upregulated and significantly correlated with pathological grades. PAK4 downregulation represses glioma cell proliferation, motility and adhesion (32) .
In addition, PAK4 plays important roles in GBM cell senescence (33) . Considering the importance and role of PAK4 in GBM, regulating the miR-485/PAK4 axis may offer novel therapeutic opportunities to target this aggressive cancer.
In conclusion, miR-485 is significantly downregulated in GBM tissues and cell lines. Upregulation of miR-485 suppresses GBM cell proliferation, colony formation, Figure 8 . miR-485 inactivated the AKT and ERK signalling pathways in glioblastoma (GBM). U251 and U87 cells were transfected with miR-485 mimics together with or without pcDNA3.1-p21-activated kinase 4 (PAK4). After transfection, western blot analysis was conducted to detect AKT, p-AKT, ERK and p-ERK expression. * P<0.05 compared with miR-NC; # P<0.05 miR-485 mimics+pcDNA3.1-PAK4. migration and invasion; increases apoptosis in vitro; and reduces tumour growth in vivo. Furthermore, PAK4 is a direct and functional target of miR-485 in GBM. Moreover, miR-485 overexpression inhibits the activation of the AKT and ERK signalling pathways in GBM. Further research exploring the anticancer role of miR-485 in GBM may contribute to the development of new therapeutic strategies for patients with this disease.
